This paper describes properties and behavior of magnetic reconnection and flux transfer events (FTEs) on the dayside magnetopause using the global hybrid-Vlasov code Vlasiator. We investigate two simulation runs with and without a sunward (positive) B x component of the interplanetary magnetic field (IMF) when the IMF is southward. The runs are two-dimensional in real space in the noon-midnight meridional (polar) plane and three-dimensional in velocity space. Solar wind input parameters are identical in the two simulations with the exception that the IMF is purely southward in one but tilted 45 • toward the Sun in the other. In the purely southward case (i.e., without B x ) the magnitude of the magnetosheath magnetic field component tangential to the magnetopause is larger than in the run with a sunward tilt. This is because the shock normal is perpendicular to the IMF at the equatorial plane, whereas in the other run the shock configuration is oblique and a smaller fraction of the total IMF strength is compressed at the shock crossing. Hence, the measured average and maximum reconnection rate are larger in the purely southward run. The run with tilted IMF also exhibits a north-south asymmetry in the tangential magnetic field caused by the different angle between the IMF and the bow shock normal north and south of the equator. Greater north-south asymmetries are seen in the FTE occurrence rate, size, and velocity as well; FTEs moving toward the Southern Hemisphere are larger in size and observed less frequently than FTEs in the Northern Hemisphere.
Introduction
The solar wind-magnetosphere coupling drives the dynamic evolution of Earth's magnetosphere. Phenomena at the dayside magnetopause associated with the coupling impact the entire magnetosphere, including the radiation belts and the magnetotail (e.g., Baker et al., 1996; Burton et al., 1975; McPherron et al., 1986) . Magnetic reconnection represents the most significant component of the coupling (e.g., Dungey, 1961) , which is strongest when the interplanetary magnetic field (IMF) is southward (e.g., Akasofu, 1981) . Consequently, it is important to understand how the nature of reconnection on the magnetopause varies as a function of solar wind conditions. Before interacting with the magnetic field of Earth, the solar wind first passes through the bow shock and then propagates through the magnetosheath. Reconnection at the dayside magnetopause connects magnetosheath magnetic fields to magnetospheric fields. Simplified sketches of dayside reconnection often invoke a single quasi-steady reconnection site (e.g., Dungey, 1961) , but observations suggest that dayside reconnection is often bursty, giving rise to FTEs (Russell & Elphic, 1978) , which are commonly observed at the dayside magnetopause (e.g., Fear et al., 2007 Fear et al., , 2012 Kawano & Russell, 1997; Rijnbeek et al., 1984; Wang et al., 2006) . Statistical surveys find that FTEs form quasiperiodically, on average once every 8 min (Rijnbeek et al., 1984) . Reconnection may occur at single (Fedder et al., 2002; Southwood et al., 1988) 10.1029/2019JA026821 reconnection (or X) lines (e.g., Lee & Fu, 1985) . In the former case, the onset of reconnection results in bubble-like magnetic structures (e.g., Southwood et al., 1988) and in the latter case in flux ropes of interconnected magnetosheath and magnetospheric magnetic field lines (e.g., Lee & Fu, 1985) . The scale sizes for FTE flux rope diameters can reach 1-2 R E (e.g., Fear et al., 2007; Rijnbeek et al., 1984) , while dimensions along the X line can be considerably longer (e.g., Fear et al., 2008) . Recently, with the high-resolution observations provided by the Magnetospheric Multiscale mission (Burch et al., 2016) many smaller ion-scale flux rope structures have been observed (e.g., Dong et al., 2017; Eastwood et al., 2016; Zhong et al., 2018) .
The north/south IMF B z component is an important parameter controlling the overall reconnection rate (e.g., Vasyliunas, 1975) , and it also impacts the formation and properties of the FTEs (e.g., Berchem & Russell, 1984; Rijnbeek et al., 1984; Wang et al., 2006) . Berchem and Russell (1984) analyzed 5 years of ISEE (International Sun-Earth Explorer) observations and found that FTEs on the dayside tend to occur during southward IMF with only a few FTEs observed during slightly northward IMF. Wang et al. (2006) used 3 years of Cluster observations to show that IMF B z impacts the peak-to-peak magnitudes (measured as the absolute difference between the bipolar peaks in the magnetic field component B N normal to the magnetopause) and separation time between consecutive FTEs, with the separation time growing with increasing IMF B z . For the present study, we focus on the orientation of the IMF when it has a negative (southward) B z component.
Other factors may also control the nature and effectiveness of reconnection and FTEs on the dayside magnetopause. Both observations and simulations have been used to study the effects of the IMF clock angle, = arctan(B ∕B z ), where B y ∕B z is the ratio between the IMF y (opposite Earth's motion around the Sun) and z (normal to the ecliptic) components, on the distribution of FTEs and the location of X lines (e.g., Fear et al., 2012; Karlson et al., 1996; Kawano & Russell, 1997) . However, the influence of the sunward B x component on FTE formation has not been as thoroughly investigated. Wang et al. (2006) reported that B x controls the occurrence of FTEs but not the separation time or peak-to-peak magnitude of FTEs. They reported that more FTEs were observed during positive than negative IMF B x . A statistical study using Time History of Events and Macroscale Interactions during Substorms (THEMIS) mission (Angelopoulos, 2008) observations and studies using global magnetohydrodynamic (MHD) simulations show that the X line shifts northward for sunward directed B x and southward for antisunward B x Hoshi et al., 2018; Peng et al., 2010) .
This study employs the hybrid-Vlasov code Vlasiator for the global magnetosphere von Alfthan et al., 2014;  http://www.helsinki.fi/vlasiator). In the present paper simulations are global and two-dimensional in real space and three-dimensional in velocity space (2D-3V). For simplicity, we consider systems without a dipole tilt and with steady solar wind conditions. We compare simulation results for two cases with the same total magnetic field strength but with different IMF tilt. In the first simulation the IMF is purely southward, and in the second simulation the IMF is tilted sunward by 45 • . We find that the average reconnection rate is lower in the run with the sunward IMF B x component due to the smaller tangential magnetic field magnitude in the magnetosheath. The tilt in the IMF direction also introduces north-south asymmetries in the observed properties of the FTEs, including occurrence rate, sizes of the FTEs, and their velocities.
This paper is organized as follows. The details of the simulations and their setup are presented in section 2. The data analysis and results are shown in section 3. Finally, we discuss the results and provide concluding remarks in section 4.
Simulation Setup
The simulations employ the Vlasiator global magnetospheric hybrid-Vlasov code (Palmroth et al., 2015 von Alfthan et al., 2014) , where ions evolve as distribution functions in three velocity-space dimensions and electrons are treated as a massless fluid described by the generalized Ohm's law including the Hall term. The simulations are two-dimensional in ordinary space and confined to the noon-midnight meridional plane. The simulation using a purely southward IMF condition, referred to as Run A, is the same simulation discussed by Hoilijoki et al. (2017) , Palmroth et al. (2017) , Jarvinen et al. (2018) , and Juusola et al. (2018) , with a domain extending from −94 to +48 R E in the x direction and from −56 to 56 R E in the z direction, where R E is Earth's radius, and we use geocentric solar ecliptic coordinates in which x points sunward, y points opposite Earth's motion about the Sun, and z points normal to the ecliptic plane. The simulation with a sunward tilted IMF, referred as Run B, has the same initial conditions except that the IMF is tilted sunward by 45 • so that the magnitudes of the x and z components of the magnetic field are equal. The simulation domain for Run B spans −48 to +64 R E in x and −59 to 39 R E in the z direction to accommodate the foreshock that forms upstream from the south part of the bow shock. Run B produces cavitons and spontaneous hot flow anomalies in the foreshock, which are analyzed in a separate study .
Solar wind parameters at the sunward boundary in x are held steady, including a fast solar wind with velocity of −750 km/s in the x direction, a density of n = 1 cm −3 , a proton temperature of T p = 0.5 MK with a Maxwellian distribution, and a magnetic field of magnitude 5 nT, meaning that in Run A the magnetic field components are B x = 0 and B z = −5 nT and in Run B they are B x = 3.54 nT and B z = −3.54 nT. We point out that the goal of this study is to investigate the fundamental properties of FTEs and reconnection at the dayside magnetopause, so we do not attempt to simulate a magnetosphere with commonly observed properties; we do not believe that the results of this study are adversely impacted by the chosen solar wind parameters. The other three outer boundaries of the simulation domain apply a copy condition, that is, the magnetic field and the velocity distribution function are copied from the closest simulation spatial cells to the boundary cell allowing a smooth outflow. The out-of-plane direction has a periodic boundary condition. The inner boundary with a radius of 5R E is an ideal conducting sphere. The grid resolution is 300 km in ordinary space and 30 km/s in velocity space.
Run A is carried out for t = 2, 150 s of simulation time, while Run B is carried out for t = 1, 437 s. The simulations are initialized slightly differently. Initially, both simulations set the solar wind density and velocity throughout the whole simulation domain and employ a 2-D line dipole with a strength resulting in a magnetopause standoff distance comparable to that of Earth's dipole, with a corresponding mirror dipole outside the solar wind inflow boundary. Details on the line dipole approach were described by Daldorff et al. (2014) . The difference is that in Run A, the only magnetic field component initially in the simulation domain is that of the dipole field, while the IMF enters from the inflow boundary and pushes the dipole field to form the magnetosphere. In Run B, in addition to the dipole field, the IMF is also initially set throughout the whole simulation domain to preserve the solenoidality of the magnetic field in the presence of a nonzero IMF B x component. Therefore, the reconnection at the dayside magnetopause becomes properly initialized earlier in Run B than in Run A; this does not impact the results of the study. We analyze the time period from 1,250 to 1,975 s for Run A and from 900 to 1,437 s for Run B. 
Results
During the steady solar wind conditions, multiple FTEs occur in both Runs A and B as can be seen in Movie S1 in the supporting information. Figure 1 shows a sample time slice (t = 1, 200 s) of the structure of the dayside magnetosphere and magnetosheath for each simulation. Here the color indicates that the ion temperature and magnetic field lines are overlaid so that the magnetic flux interval between consecutive magnetic field lines is the same in both panels. Figures 1a and 1b show, respectively, Run A (purely southward IMF simulation) and Run B (the simulation with sunward IMF tilt). In these simulations with only two spatial dimensions, FTEs appear in the form of closed magnetic islands. In Figure 1a the two largest FTEs are located at x = 8 R E and z = ±3 R E and in Figure 1b one large FTE is visible at x = 9 R E , z = −1 R E . Both simulations also exhibit a number of smaller FTEs with a range of sizes, including some too small to see in Figure 1 .
Bow Shock Location and Tangential Magnetic Field
In both simulations, for the chosen strength of the line dipole moment, the equatorial dayside magnetopause lies approximately at 8 R E from Earth. In Run A the bow shock is symmetric and extends up to 19 R E from Earth on the dayside. Run B, with the IMF tilted toward the Sun, has a north-south asymmetry in the bow shock shape due to the foreshock and quasi-parallel bow shock in the south, while the nose of the bow shock lies at 16 R E . The extent of the quasi-perpendicular magnetosheath becomes larger than the quasi-parallel, which is consistent with theory and previous findings (e.g., Chapman & Cairns, 2003; Lin et al., 1996; Turc et al., 2015) . According to the Merka et al. (2005) bow shock model for the same upstream conditions as used in the simulation runs, Earth's subsolar bow shock is predicted to be located approximately at 15 R E in both cases. The larger standoff distance of the bow shock in the simulations compared to the model is caused by the two-dimensionality of the simulation domain as the magnetic field and plasma can flow around the Earth only in the simulation plane and, therefore, pile on the dayside magnetosheath. However, the large extent of the magnetosheath in the simulation does not affect the local physics that occur at the bow shock, in the magnetosheath, and at the magnetopause. Vlasiator simulations have been found to reproduce observed features of the foreshock velocity distributions and waves Palmroth et al., 2015; Pfau-Kempf et al., 2016; Turc et al., 2018) , foreshock transients , magnetosheath mirror mode waves and high-speed jets , and reconnection rates at the dayside magnetopause .
The magnetic field lines plotted in Figure 1 demonstrate that the magnetic field magnitude in the magnetosheath is smaller in Run B than in Run A. Figure 2a shows the average value of the magnitude of the magnetic field component tangential to the magnetopause B tan measured at a distance of 3 R E further outward into the magnetosheath to avoid the impact of the passing FTEs on the magnetic field. In Run A, B tan is relatively symmetric between the Northern and Southern Hemispheres, and at the subsolar point the magnitude is almost 7 nT larger than in Run B. On the contrary, in Run B B tan is larger in the Northern Hemisphere than in the southern one.
For comparison, we estimate the magnetosheath magnetic field component tangential to the magnetopause at the same distance from this boundary as in Vlasiator using a semiempirical model of the magnetosheath Figure 3 . Normalized distribution of the reconnection rate E y at X lines located between z = ±4 R E and the mean reconnection rate (dashed line) in (a) Run A with mean at 2.9 mV/m and (b) Run B with mean at 2.1 mV/m. magnetic field based on ideal MHD (Turc et al., 2014) shown in Figure 2b . We use as inputs to the model the upstream conditions of the two Vlasiator runs. The magnetic field just downstream of the bow shock is computed based on Rankine-Hugoniot relations, and it is then propagated into the magnetosheath using ideal MHD equations. A full description of the model is given by Turc et al. (2014) . While the model initially employed the Jeřáb et al. (2005) bow shock model to estimate the position and shape of this boundary, because it was more reliable for the low Mach number conditions under study in Turc et al. (2014) , we use here the Merka et al. (2005) bow shock model, better suited to the upstream conditions in the Vlasiator simulations. Also, as in Turc et al. (2017) , the magnetic field compression ratio is calculated using the Borovsky (2013) formula. The behavior of the tangential magnetic field component given by the semiempirical model is similar to that in Vlasiator. In the purely southward case B tan is largest at the equatorial plane and symmetric between north and south, whereas in the tilted IMF case B tan is smaller and asymmetric increasing from south to north. Due to the magnetic field pileup caused by the two-dimensionality of the simulations, the magnitude of B tan in Vlasiator simulations is larger than that given by the semiempirical model.
In Run A, the IMF is southward so that at the subsolar point the angle Bn between the IMF and bow shock normal is 90 • , that is, the shock is perpendicular and the magnetic field compression at the bow shock is highest. At higher latitudes, Bn decreases, meaning that the IMF component normal to the bow shock increases, but the change is symmetric between the north and south. The magnetic field component normal to the shock is conserved in the shock crossing and only the tangential component is compressed (e.g., Treumann, 2009 ). Therefore, the tangential magnetic field in the magnetosheath diminishes at higher latitudes. Because of the sunward tilt in the IMF in Run B, the bow shock is quasi-parallel to the south and quasi-perpendicular to the north of the equator. At the equatorial plane Bn = 45 • , only the IMF B z component is compressed. Consequently, the magnetosheath magnetic field is weaker than in Run A. Also, in the Southern Hemisphere in the quasi-parallel magnetosheath the tangential magnetic field is smaller than in the Northern Hemisphere behind the quasi-perpendicular bow shock where a larger fraction of the IMF is compressed. Therefore, our simulations show that, despite the IMF draping around the magnetopause, the tilt in the IMF orientation causes differences in the magnitude of the magnetosheath magnetic field. This is important because the tangential component of the magnetic field is the component that participates in magnetic reconnection at the magnetopause.
Reconnection Rates
Using the method of flux functions described in Appendix A, we locate magnetic field X and O points that represent the reconnection points and the centers of magnetic islands (i.e., 2-D representations of FTEs), respectively. At each X point, we measure the reconnection rate as the out-of-plane component of the electric field E y . Figure 3 shows the probability distributions of reconnection rates at X lines located between z = ±4 R E from both simulations. The distribution of the reconnection rates in Run A is broader and reaches higher reconnection rates (above 6 mV/m). The average reconnection rate is 2.9 ± 1.2 mV/m (dashed line in Figure 3a) , and the median is 2.8 mV/m. In Run B, the peak is steeper and the maximum reconnection rate is lower (∼ 5 mV/m) than in Run A. Both the average and median values of the reconnection rate are 2.1 ± 0.9 mV/m in Run B (dashed line in Figure 3b ). The smaller reconnection rate in Run B is a consequence of the smaller tangential magnetic field in magnetosheath caused by the sunward IMF component discussed above. To see this, note that for Bn , the southward component of the field is 1∕ (Cassak & Shay, 2007) , where B sh and B ms are the magnetosheath and magnetosphere reconnecting magnetic field strengths, sh is the magnetosheath density, and the magnetospheric density is assumed to be negligible. Using B ms ≃ 60 nT and B sh decreasing from 32.5 to 25 nT, one finds that the reconnection rate decreases to approximately 70% of its due southward value. Note that 70% of 2.9 mV/m is 2.04 mV/m, in excellent agreement with the measured value of 2.1 mV/m. This suggests that the decrease in reconnection rate is due to the decrease in the strength of the reconnecting component of the magnetosheath magnetic field.
North-South Asymmetry of FTEs
Next, we study the probability of encountering an individual FTE at different locations along the dayside magnetopause. In order to do so, we need to identify the locations of each X point and O point (regarded as the centers of FTEs) at every time step, which we do using the flux function method described in Appendix A. Figures 4a and 4b illustrate the distribution of FTEs passing each point on the magnetopause (divided into 1 R E bins) per minute from Run A and Run B, respectively. In Run A the FTE occurrence rate in both hemispheres and in the subsolar region is quite flat at ∼1.7 FTEs/min (except for a small peak at z ∼ +3 R E ), and therefore, the chance of encountering FTEs does not depend on the hemisphere. In Run B, however, the rate of FTE encounters in the Northern Hemisphere is twice as large as in the Southern Hemisphere. This shows that the IMF B x component causes a north-south asymmetry in the occurrence rate of FTEs.
It is also interesting to see if the sunward tilt in the IMF has an impact on FTE sizes and their evolution versus latitude. We calculate the enclosed area of the FTEs using the method described in Appendix B. Figure 5 shows the z coordinate of the FTE locations on the magnetopause plotted as a function of time for both simulations. The color and the area of the circle marking the location of each FTE are proportional to the cross-sectional area enclosed by the last closed field line of the FTE. The results show that the size of most of the FTEs increases as they move to higher latitudes. Some of the FTEs in Run A reach a cross-sectional area of 5 R 2 E both north and south of the equator. These are the ones that spend longer times near the subsolar region before traveling poleward (Ku & Sibeck, 1998) . There is a clear north-south asymmetry in the FTE enclosed area for Run B compared to Run A. In particular, the FTEs propagating northward in Run B remain relatively small, whereas in the south there are fewer FTEs, but two of them reach an enclosed area over 4.5 R 2 E , larger than is typical in Run A. Figure 6a presents the dependence of FTE size on FTE location. Using the calculated enclosed area of each FTE and assuming a circular cross section, we estimate the average radius of the FTEs and plot it as a function of z coordinate in Figure 6a . In Run A, the average radius of the FTEs is close to ∼1,500 km ≈ 10 d i (ion inertial length d i ≈ 150 km in the magnetosheath in the vicinity of the magnetopause in this simulation) near to the subsolar region. The region of smaller radius FTEs (r < 2, 000 km), that is, the region where they are generated, is slightly shifted northward from the subsolar region, residing between z = −1 R E and 3 R E . The average radius both in the Southern and Northern Hemispheres approaches ∼2,750 km (≈ 18 d i ) at higher latitudes. The FTEs keep growing after formation due to ongoing reconnection at the X lines encompassing the FTE. In the simulations FTE sizes also increase as they coalesce with other FTEs (e.g., Akhavan-Tafti et al., 2018; Finn & Kaw, 1977; Hoilijoki et al., 2017; Omidi et al., 2006) . The FTE sizes exhibit more north-south asymmetry in Run B. The region where the FTEs are generated and their radius is small lies between z = 1 R E and 4 R E . On average the FTEs in the Southern Hemisphere grow larger than in the Northern Hemisphere because they form north of the equator and travel further along the magnetopause and therefore have a longer time to process flux through reconnection and coalesce with other FTEs. Statistical spacecraft studies have also shown that the FTEs observed near the subsolar region, which have an average radius of 15 d i , are 3 to 7 times smaller than FTEs observed at higher latitudes (Akhavan-Tafti et al., 2018; Fermo et al., 2011; Wang et al., 2005) . Our results suggest that the FTE radius roughly doubles from ∼ 10 d i in the subsolar region to almost ∼ 20 d i around z = 7R E , which is consistent with the observations. We calculate FTE velocities as the first-order time derivative of the O point locations as they propagate along the magnetopause. The results are plotted for both IMF cases averaged over 1 R E bins in the z direction in Figure 6b . In Run A (shown in cyan boxes), the profile of the average FTE velocities is broadly symmetric in both hemispheres. In Run B (shown in red circles), the FTEs propagating toward the northern cusp have larger velocities than those moving southward. FTEs propagate along the magnetopause as solid bodies having the same velocity as the plasma bulk velocity at the core of the FTEs. We suggest that as FTEs north of the equator are smaller, containing also less plasma, they require less force to accelerate to higher velocities than the larger FTEs on the Southern Hemisphere. In addition, the FTEs with the purely southward IMF are generally faster at the same latitude than the FTEs in the simulation with positive IMF B x . It is possible that in Run A the faster outflow reconnection jet velocities that are caused by higher tangential magnetic field, v out,2 ∼ 0.84v out,1 (Cassak & Shay, 2007) , push the FTEs, and cause them to accelerate faster to higher velocities. 
Discussion and Conclusions
This study describes properties of dayside magnetopause reconnection and FTEs in two global hybrid-Vlasov Vlasiator simulations. The only difference in the solar wind input values used for the two simulations is the orientation of the IMF. Run A has a purely southward IMF, whereas Run B has an IMF tilted 45 • sunward, so that the magnitude of the southward B z component is smaller and B x is nonzero and positive. We find that even though the magnitude of the IMF is the same in both simulations, the magnetic field tangential to the magnetopause measured in the magnetosheath is smaller and has a north-south asymmetry in the simulation with sunward IMF component. These are caused by the different angle between the shock normal and IMF Bn . When Bn = 90 • , the IMF is strictly perpendicular to the bow shock and the magnetic field compression is highest at the shock crossing, which is the case at the nose of the bow shock in Run A with purely southward IMF. In Run B, with tilted IMF, the IMF component tangential to the bow shock is larger in the north and smaller in the south causing a north-south asymmetry in the magnetic field magnitude downstream of the shock. Because the dayside reconnection rate depends on the local tangential magnetic field (e.g., Cassak & Shay, 2007) , the estimated reconnection rates at the X line locations on the dayside magnetopause in Run A exhibit a higher maximum and average rate than in Run B.
Some of the existing coupling functions that determine the reconnection rate at the magnetopause as a function of solar wind parameters include the effects of the clock angle between B and the z axis in the yz plane (e.g., Borovsky, 2013) but not the effect of the oblique Bn in the xz plane that could cause a significant north-south asymmetry in the tangential magnetic field close to the magnetopause. A reconnection rate value calculated for the Bn at the subsolar point or using only the IMF B z component might not give an accurate description of the reconnection rate at an X line that is located north or south from the equator, suggesting that the effect of the sunward tilt needs to be incorporated at all latitudes to accurately predict the reconnection rates.
The north-south asymmetries introduced by the sunward tilt of the IMF suggest that the X line resides north of the equatorial plane for a longer period of time than in the strictly southward IMF run. The shift of the X line toward the Northern Hemisphere with positive IMF B x component has been observed before in a statistical THEMIS study (Hoshi et al., 2018) and global MHD simulations Peng et al., 2010) . Often the shift of the X line is explained using the maximum magnetic shear model (Trattner et al., 2007 (Trattner et al., , 2012 , but in this case without an out-of-plane magnetic field B y component the shear is the same everywhere along the magnetopause and, therefore, cannot explain the shift. A model based on maximization of a reconnection related parameter that is dependent on B tan , for example, the outflow velocity (Swisdak & Drake, 2007) or reconnection rate (Borovsky, 2013) , could provide a more likely explanation for the shift of the X line location in these simulations.
Using 3 years of Cluster observations, Wang et al. (2006) investigated the influence of solar wind parameters, including different components of the IMF, on FTE properties. The IMF B z was found to be an important driver for almost all FTE attributes, but the authors also found some dependencies on B x . In particular, they 10.1029/2019JA026821 found that FTE occurrence rates depend on both these IMF components. Our results show that the IMF tilt (positive B x ) has an impact on properties of FTEs in both the Northern and Southern Hemispheres. The comparison of the occurrence rate at different latitudes in both simulations shows that the positive IMF B x component increases the probability of encountering an FTE on the Northern Hemisphere and decreases it on the Southern Hemisphere compared to the purely southward IMF case. The total FTE occurrence rate is higher in Run A with purely southward IMF, that is, larger southward IMF component and B x = 0. Statistics by Wang et al. (2006) show a peak in the occurrence around B z = −3 nT and an increasing occurrence rate with increasing IMF B x . However, our results suggest that the effect of the IMF B x on the occurrence rate depends on where the observer is located. In the Northern Hemisphere the observer would see an increased occurrence rate and in the Southern Hemisphere a decreased rate compared to the case without the IMF B x component. Figure 5 suggests that FTEs evolve differently northward and southward of the main X line when it is located away from the subsolar point. There are many more small FTEs on the higher-latitude side of the X line, when the X line itself is not located at the equator. Events generated at higher latitude move in the same direction as the background magnetosheath flow and leave the dayside region quickly without growing to large sizes. Some of the events generated closer to the equator move opposite to the magnetosheath flow and have more time to grow through reconnection and coalescence to larger sizes. This explains, at least partly, the north-south asymmetry in the occurrence rate, size, and velocity distributions. Similar behavior for FTEs was reported by Ku and Sibeck (1998) who used a 2-D single X line MHD model. They showed that FTEs moving in the direction of the magnetosheath flow accelerate, reducing the duration over which they can be observed. The velocity of FTEs moving opposite to the magnetosheath flow decreases, causing the event duration to become longer.
In conclusion, tilting a southward IMF so that it has a sunward component results in a smaller magnitude of the tangential magnetic field with north-south asymmetries in the magnetosheath close to the magnetopause due to the different angles between the IMF and the bow shock normal. Because the tangential field is smaller, the dayside reconnection rate is smaller as well. In addition, the tilt in the IMF causes a north-south asymmetry in properties of FTEs, including occurrence rate, size, and velocity that are not present in the simulation with a purely southward IMF orientation. Our results suggest, as a consequence of rotating the IMF to have a positive B x component, that the FTEs on the Northern Hemisphere occur more frequently, are smaller, and accelerate faster than FTEs on the Southern Hemisphere.
